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INCREASING THE VOLUMETRIC EFFICIENCY OF DIESEL ENGINES 

BY INTAKE PIPES* 
By Hans List 



Synop sis.- Development of a method for calculating 
the volumetric efficiency of piston engines with intake 
pipes. Application of this method to the scavenging pumps 
of two- stroke-cycle engines with crankcase scavenging and 
to f our- stroke-cycl e engines. The utility of the method 
is demonstrated "by volumetric-efficiency tests of the 
scavenging pumps of two-stroke-cycle engines with crank- 
case scavenging. Its practical application to the calcu- 
lation of intake pipes is illustrated by an example. 



INTRODUCTION 



In order to utilize the piston displacement of Diesel 
engines better, it is sought to increase the revolution 
speed and the mean pressure. It is possible to increase 
the latter either by reducing the excess of air required 
for complete combustion or by increasing the air charge. 
Superchargers enable considerable increase in the air 
charge and are especially efficacious in conjunction with 
exhaust-gas turbines. The engines, however, are thereby 
made considerably more complex and expensive. With intake 
pipes the increase in the air charge is considerably re- 
duced but, since the increased expense of construction is 
small and no additional moving parts are required, their 
use is often advantageous. 

Intake pipes are especially advantageous for two- 
stroke engines in which the scavenging air is compressed by 
the back side of the piston. The piston displacement of 
the scavenging pump is then equal to that of the working 
cylinder, while the quantity of scavenging air is rela- 
tively small and can be increased only by improving the ef- 



*"Die Brhohung des Liefergrades durch Saugrohre bei Diesel- 
motoren." Mitteilungen aus de^*^ technischen Instituten der 
Staatlichen Tung-chi Universitat, Woosung, China. Report 
No. 4, April, 1932. 
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ficiency of the scavenging pump. Any increase in the lat^ 
ter greatly increases the air charge and the engine power, 
because the increase in the air charge with respect to the 
scavenging air is inversely proportional to the quantity 
of the latter. 

Por a long time thorough investigations have "been 
conducted in the engine laboratory of the Tung Chi Uni- 
versity on the improvement of the volumetric efficiency 
of the scavenging pumps of engines with crankcase scaveng- 
ing by intake pipes. A report of this work will appear 
later. Preparations were begun for conducting experiments 
with four-stroke enginesj but had to be postponed on ac- 
count of the war.. Tests made by the writer about seven 
years ago on a 75 hp single-cylinder f our- stroSze-cycle 
engine in Europe showed an increase of about 15 per cent 
in the air charge with an intake pipe. 

Many of the calculations and tests were made by my 
coworker Hsueh Dsai Hsian and some of the calculations 
were made by Chang I Lu. 



In the intake through a pipe, two vibrational systems 
are superposed. System I consists of the air in the in- 
take pipe and the cylinder contents which have a shock- 
absorbing effect, while system II consists of the mass and 
elasticity of the air in the intake pipe alone. Both sys- 
tems vibrate during the intake, but only system II between 
the intake strokes. System I has the greater effect on 
the intake process. 

In the intake pipe (fig. 1) the fluid flows from I to 
II in the time dt , its velocity being affected by pres- 
sure and friction. With the density P and the velocity 
w , we have 

- ii£ w dt = P w w dt + P ^ w dt + P w3 r dt 
r3y 3y 8t 

the last term representing the friction. We finally ob~ 
t ain 
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Aside from this equation, the following continuity equa- 
tion for compressible fluids must also "be satisfied. 



dp ^ 3w c)P 

at P a? ^ ^ 97 



= 0. 



i.e., the difference in a unit yolxime of the inflowing 
and outflowing fluid must equal the change in density of 
this unit volume • 

There are also equations which represent the process- 
es when the air enters the pip© and the cylinder. If Pa 
and Wg, are the pressure and velocity at the beginning of 
the pipe and Pq is the outside pressure, we have 



^af. 
2 g 



Po 

/ V dp 
Pa 



In the cylinder the volume and quantity of the gas are af- 
fected by the motion of the piston and also by the inflow 
of air from the intake pipe. The corresponding piston 
stroke is z and the piston displacement is Vj^. The 
volumetric change is therefore 

d Vi dz 

and the volume of the inflowing air is 



d Vs ' = f Wi dt 

in which f is the pipe section, the subscript i indi- 
cating the condition at the opening of the intake pipe 
into the cylinder. The kinetic energy of the inflowing 
air is converted into heat by eddying and the air is also 
heated by contact with the walls. Hence 

d = T f Wj. dt 

Herein t is a factor which represents the volumetric in- 
crease due to the temperature increase. If it be assumed 
that the cylinder contents and the intake air do not mix 
at first, then, with m as the exponent of the poly tropic 
change in the cylinder, 

m .dVg dVi\ dpi m pj: . dzv 

( ^ ^.JL. t and — — = ' ' ' / f Wj! T - vv, -rr 

Vz Vdt dt / dt Vz V ^ ^t. 



^Pi 1^ 
dt Pi 
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With a = ' , 1) = R = r 1, we finally 

36 n^ I ^ ^ 



obtain : 



- a p. = P u + p ^ p ^ ^2 

3x Qx a a 



9a Ox dx 



d a z" "* da> 



si = a 7 ^ V dp 

J? Q 

The relations are therefore determined by a, b and R, 
when the possibility of changing the beginning and end of 
the intake are disregarded. Like values of these quaiati- 
ties correspond to the same volumetric efficiency, while 
a and b can be restored to their ordinary values. If the 
mean velocity in the intake pipe is designated by Wm, we 
then have, according to the customary equation for the di- 
mensioning of the control sections, 



in which 1 is the piston area and c the mean piston 
velocity. We therefore obtain 

1 ^ ^ ^m ^ 

^ 1080 Win n I * In' 

The value of R depends on the roughness of the inner sur 
face of the pipe, on the Reynolds dumber, and on the di- 
mensions of the pipe. 

Integration of the differential equations is impossi- 
ble. One is therefore dependent on the point to point de- 
termination of the velocity and pressure by approximation 
methods • 
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Two-Stroke-Gycle Engines with Crankcase Scavenging 



Due to the great detrimental space of the scavenging 
pump (some 300 to 500 per cent), the pressure fluctuations 
in the intake pipe and in the cylinder are small. The 
density of the air in the intajre pipe may therefore, with- 
out great error, "be assumed to be constant. We then ob- 
tain 



3p _ 



- a ^ = P 



cu 
da 



+ P b H u^ 



If we then integrate with the limits x = 0 and x = I, 
we obtain 

a (Pa - Pi - Pv) P Is + P b R u^ . 
lor the orifice, we have 

a (po - Pa) = 



By addition we obtain 

a (Po - Pi - Pv) = P + P ^ + O-^)' 



in which Py is the portion of the intake-valve resist- 
ance independent of the velocity. According to previous 
formulas, we have 



d Pi ^ m P i 
da Zq + 25 



T - 



d£^ 
day ' 



In view of the small pressiire fluctuations, we can approx. 
imately replace Pi by Pq« The volume of the crankcase 
can be represented by the mean value during the intake. 
The air in the intake pipe must also be taken into consid- 
eration, since it participates in the shock absorption. 
The approximately linear pressure decrease in the intake 
pipe justifies the addition of half the volume of the in- 
take pipe. We therefore have 



2 Vh 



+ Zo + 0,5 



u is replaced by ds/da. Hence s is the inflowing quan- 



H.A.C.A, Technical Memorandum Ho « 700 



7 



tity of air in percentages of the piston displacement. We 
©"btain 

m p 



Pi = (s T - z) -f 0 



Pi = Po 



for ST = z , Hence 

_ a m Po 



a (p„ - Pi - P^) = -"JT^ (. - s T) - a p^ 
and, in conjunction with the previoiJ.s equation, 



d"^ s _ a m Po 




(z S T) « 



a pv /ds\ 



da/ 



b (H + 0.5) 



a m p_ m f g p_ '^h , 

. A- 1.12 , B=™.5L_ (R+0.5) 

P x« 36 n^ %xi 7 I f I 



we ohtain the final form 



d" s 
da^ 



A(z-2, -bt)-3( — ' 

\da/' 



s is obtained hy point to point integration, The resist- 
ance of the valve retards the "beginning of the intake and 
causes a pressure reduction of p^ in the crankcase. 
Hence s must "be multiplied "by the factor 

Pa - Pv 



Pa 



Allowance for the retardation of the beginning of the in- 
take duo. .to the inlet port has to be made by increasing 
the value of . R also receives the share of the valve 
resistance dependent on the velocity. 

The integration is sufficiently accurate when the 
change in s for a point 5 to 10^ distant is calculated 
from the first and second differential quotients in a 
point, For automatic intake valves the integration must 
be continued till the motion of the air columns is re- 
versed. In figure 2 the volumetric efficiency is repre- 
sented as a function of A and B, Zi being 25 per cent. 
The ijiaximums of the curves B - constant all lie approxi- 
mately at A = S/lOOOO. The curves are flat near the max- 
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"imum ajrd • in the region of the large A values. ' Slight, 
variations in the revolution speed therefore have no ap- 
preciable effect on the volumetric efficiency in a correct- 
ly dimensioned intake pipe, S'or val\ies of in the vi- 
cinity of 25 per cent, the voltxmetric efficiency can "be es- 
timated by adding to the diagram val^ies the difference be- 
tween and 25 per cent when z-^ is smaller and sub- 
tracting when ..zi ^ is. .greater than 25 per cent. 

In figures 3, 4, and 5 the velocities and the inflow- 
ing quantities of air are plotted against the crank angle. 
It is seen that the air column comes to rest proportionately 
later, after the dead center, the smaller a is and the 
larger therefore the relative vibration period of system I. 
In Figure 5 the difference in time between the dead center 
and the end of the air motion is plotted against A, It is 
hardly affected by the damping B. The amplitude of the 
vibration and consequently also the magnitude of the su- 
percharge is, on the contrary, considerably affected by B, 

This calculation method can also be used,. -when the 
piston controls the intake port. Figure 7 is a diagram 
of this arrangement. The upward stroke of the piston pro- 
duces a negative pressure in the crankcase. The air in it, 
which acts as a shock a."bsorber, is thereby expanded. When 
the intake port is opened, the air in the intake pipe is 
strongly accelerated and the crankcase is considerably su- 
percharged. On the closing of V'h'e intake port the air 
should come to rest immediately. If the intake port is 
closed too soon, not all of the kinetic energy is utilized; 
if too late, the air column swings back and a portion of 
the air escapes. The damping is here generally less than 
with intake valves. This has a favorable effect on the 
magnitude of the supercharge. 

The integration should be continued up to the closing 
of the intake port. The damping depends on the opening of 
the intake port and hence on the position of the piston. 
The value of B therefore corresponds to the position of 
the piston. Let fg represeiit the controlled cross sec- 
tion» Then for 

fs > B = ^ (H + 0.5) 

and for 

: < .f . B = [e + 0.5 (1^)' 
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Witli D as tlie width of the intake port, we have 

fg = - z) ^Ir D s, in which aa is length of the 

port. Hence B can "be determined for all positions of 

the piston, either when R is determined experimentally 

or is calculated from formulas for the resistance of the 

pipe. 

Figiire 8 shows the relation between A» B, and s for 
a special caso. The values of B are valid for the dead- 
center position of the piston. The engine had a piston 
displacement of V^^ = 2.03 liters (123,9 cu.in.) and an 
inta-ke pipe of 2 inches inside diameter, r was found to 
he 0.26 per meter. The intake port had a width of 0.68 3) 
and a length of 23 per cent. 

The maximum of all the curves B = constant lies ap- 
proximately at A = 10.5/10000. It is noteworthy that, 
for A = 21/10000, all the caxrves pass approximately 
through one point. The curves are flat near the maximum, 
so that slight deviations of the revolution speed from the 
most favorable value are here without special influence on 
the volumetric efficiency. In Figure 9 the velocity and 
tho quantity of the inflowiaig air are plotted against the 
crank angle for A = 5, 10, 30/l0000 and B - 0,6, From 
the course of the velocity curves it is obvious that: at 
A = 5/10000, the vibration is prematurely interrupted; at 
A = IOA0.OOO, the motion of the air in the pipe just at the 
closing of the intake port ceases, independently of it; and, 
at A = 30/10000, the closing occurs so late that some of 
the air escapes through the intake pipe. 

Every port length corresponds to a definite o:gening 
period of the port. In the present case it is 104 . The 
moBt favorable A for every opening period can be deter- 
mined approximately by a simple consideration. From the 
velocity curves it is obvious that the best vibration pe- 
riod of system I is approximately equal to double the pe- 
riod of opening. The dampings but slightly affect the vi- 
bration period. For the undamped vibration, the vibration 
period is 

T, s^a 



With a as the opening period, we have 
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In order to show the character of the dependence of the 
volumetric efficiency on the opening period and on A, 
the volumetric efficiency was determined for B — 0^4 afs 
a function of both values. The experimental engine with 
the S-inch intake pipe was used for this purpose. The 
curves shown in B'igure 10 were obtained. The values for 
the best A obtained by the above methods are marked by- 
vertical dashes. They agree well with the maximums of 
the curves, 

Four-Stroke-Cycle Engines 



In these the pressure variations are generally quite 
large. For more accurate calculations, the density vari- 
ation^of the air in the intake pipe must therefore be taken 
into account. An approximation method for determining the 
pressure and velocity can be obtained by assuming the de- 
pendence of these values on x. Instead of partial equa- 
tions, we then obtain ordinary differential equations, 
which can be integrated from point to point. For short 
pipe sec'tvions , in rough approximation also for the whole 
pipe, it may be assumed that the pressure and velocity are 
linearly dependent on x. The greater the number of the 
pipe sections, the more laborious the calculation, but the 
more accurate the result. We put 

P Pa + 2:, u = ua + 7 X 

and then obtain, from the previously developed equations, 



Pr*+TT , 

^P ^ , r.. ^ OU 3U 1 



,1 



-a / -f- =b / (ua+7x) ^ ^L^ ^ / ^^^'b R / (ua+7x) dx 

p ^0 ax da 0 o 



H u^ +(R+l)ua7+7^ f'o,5 + |^ 



^a '^•^"^-^ / "-a • ' • *^ 3 



duo 1 d7 ^ 

d a 8 da J P 
P o 

Furthermore, with as exponent for the change in con- 

dition in the pipe, by integration from 

-f P b + b U 0 

oa oa ox 

we obtain 

Q dx mp •/ p 3x mr p 
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IX 



If the a'bove expressions are introduced for u and p, 
we then have : 



_ t 7 

da TT 



dpi dp« drr . drr . r..^ / ttx ^^Pi , \^ . ttn 



in which 



f ^ / = , f _ / = 

vPa/^ , Pa 1 ^VPa/' , ^ 



1 + . ^ «^ 1 + 



^ ln('l+^ ^ lnfl+^^ 

V Pa/ \ Pa/ 

(^p^^' ^2 (p^V represented in Figure !!• 

These equations are valid for each of the n parts of the 
pipe, There are, therefore, n equations for the pres- 
sure and just as many for the velocity. Every series of 
n - 1 equations is obtained hy equating the differential 
quo^tients of the abutting pipe-section ends. With I, II 
...,,n as the pipe sections, we obtain: 

/^^a\ = /iia\ + / 

Vda Ji \6.a Jii \dia Jii 

Vda /n-i vda ^ \da/n 
!^da"*;i Vda Jii 

•yda yj^^j ^da V^a^^n 

The equation for the velocity at the entrance applies un- 
changed, as likewise the one for the change in condition 
in the cylinder, Fe thus obtain 2 n equations, from 
which the differential quotients can be calculated for the 
given conditions. If the Suler approximation method is 
used, we obtain, for a small time interval. 
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Atia+0,5A7= - aAa/ - "bAaCRioS^ +(E+l)ua7+(0. 5+0.33 

A rr^Pa 7 f i (j^Va+(A Pi+^a^s tt Aa) fs 

A Pa = A Pi - A TT 

The accuracy can he increased hy introducing into the equa- 
tions the mean val\ies of those quantities which vary great- 
ly during the interval. 

AUg^ 

Instead of Ua we put Ua + 

A 7 

n ri 7 » ff 7 + 

2 

II » TT " " TT + 

f /'JL^ and f^ r ~^ can be assumed to remain unchanged. 

^ VP ay " VPa/ 

We finally obtain 

P4 r cLz ] , m p^T Aa 

APi = i7|^L(-a+7) T - 55 j Aa + (Au,+ A7) ^ 



Att 



1- 



b Ua 



rr \ 



f^f^iAa 
\Pa/ 



TT 

Pa^fif —^Aa+Cpi+b UaTT Aa)f; 



( — ]+ 

vPa/ 



Aua f 1+Aa b ua f ] +0.51? 

L <P-a/ J 



^ / rr A TT \ , 



in which f 



{ — ) - R + .(R + 1) ~ + (0.5 + 0.33 R) (~) 



At the mouth of the pipe, 
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a 



AP, 
Po 



In the equations 



Pi 
/ 
Pa 



P 



Pi""Pa ^ 

= Po ^0 e p. 



/ 

Pan 



0 dp 



=Po ^0 S 



(Po-Pan) 



From these equations Auq, A7 , APa and 
culated for every portion of the pipe. 



Att can be cal- 



Prom the equations, it raust follow that the propaga- 
tion of any change of condition in the pipe proceeds with 
the velocity of sound. If the air in the pipe is at rest 
and the pressure is changed at its cylinder end, we have, 
for small pressure fluctuations, 



VP ay 



2 mp 



TTN 

\Pa/ 



2, 



P = 1 



After Aa crank degrees the disturbance im has reached 
the point I, This value I is introduced into the ex- 
pressions for a and b. Then Aua and Apa must be 0, 
since, though the disturbance has reached the point I, the 
condition there has not yet been changed. We obtain 



An = 2 A Pi 2 



mj. A7 



Pa 



Aa 
2 



How, APi = Att + Ap^ i.e.. = Air. Therefore, 



- Att = mr A7 b pa Aa 



and consequently, 

a "b Pa "^a S nir Aa^ - I 

If the expressions for a, b and Aa are introduced, we 

obtain 

c = " y Pa va g mp. 
which is the velocity of sound. 



The following exa:iiple illustrates the application of 
the method of calculation. The course of the pressure and 
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velocity are to "be calculated for a four-stroke engine 
with D = 209 mm (8.23 in.)» s = 311 mm (12.24 in.), 
n = 800, and a "brass intake pipe having a diameter of 
d = 63.5 mm (2.5 in.) and a length of 1 =1.05 m (41.34 
in.). Let the numher of parts fgr the calculation "be 3 
and the time interval he d^a = 5 . The resistance of the 
pipe is estimated from Schule's data, and it is assumed 
that m = 1,2 and T = 1.1. 

The following equations are obtained; 
loT the change of condition in the cylinder, 
12t04 3,3p4 

^ = tWT7 C^-^ - + 0.07 ; z 

For the flow in the pipe sections, 

Arrri'-25 uafif~V =50 pa'Y f i f:^') + ^^^^H^) '^^^ '^'^'^^i^^ 
L VPa^J <Pa.'^ ^a/ ^^a/ 

+ A7 25 Pa fi ( — ) + Au 25 tt fs — I 
Au[l+25 ^af Pit 10''''"7.5 pArr 10'^''-50 u| f(~J 

For the mouth of the pipe, 

A u«s 8 , 

Ua Aua + — ^ = - 3 X 10 pApa 

The values of Aua, AT, Att, and Api can be calculated 
from the above equations without great difficulty. 

Figures 12 and 13 show the course of the velocity and 
pressure. The intake begins at 15 • The change of condi- 
tion reaches the entrance at 30^. The previously almost 
linear course of the pressure and velocity is thereby 
changed. Vibrations are started in the pipe and are prop- 
agated from its mouth toward the cylinder. 

The calculation for the whole intake stroke would not 
be difficult, but very tedious. It is simpler, though 
less accurate, to assu.me only one section of pipe. We then 
obtain the pressiire and velocity courses shown in Figures 
14 and 15. Thereby it is assumed, Just as before, that 
the contents of the pipe are at rest at the beginning of 
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the intake stroke, which is the case when the vforations of 
system II are small. This conclusion is substantiated "by 
the experimental data. 

The pressure in the cylinder falls until 45°, then 
rises again and reaches 1 atmosphere at 145 and its 
maximum value of 1,2 atm. at 200 , that is, a little after 
the dead center. In i'igure 16, the pressure is plotted 
against the crank angle. In one case the calculations 
were "based on m = 1.2 and once on m - 1.4. It is seen 
that the exponent of the change in condition only slightly 
affects the result. The measiired curve was taken from a 
published diagram.* Perfect agreement was not to be ex- 
pected, since the resistance in the intake system of the 
experimental engine was not accurately known. Moreover, the 
the pipes differed a little in length. 

Figure 17 gives the velocities at the entrance to the 

u + *Y 

cylinder. If we plot -~ , we obtain by planimetry 

the weight of the air taken in, namely, 1.225 Yii kilograms 
per intake stroke. Under external conditions of 1 atm, 
and 15°C (59 I,), r\i--- 103 per cent. The temperature of 
the charge at the end of the intake is therefore 58 C 
(136.4 F.). 

We will now compare the energy absorbed in supercharg- 
ing by an intake pipe with that absorbed in supercharging 
by a blower and with the theoretically necessary energy, 
I'or calculating the latter, imagine the piston stroke so 
greatly increased that, in compression up to the actual 
cylinder volume, the supercharging pressure Pi is at- 
tained. With Po as the intake pressure, the work to be 
performed is 

(Pl " Vr>) Vh 



A Vl, P, 



1 - 



Applied to the previously calculated example, we obtain 
A 120 mkg. The adiabatic work of the blower is 

k-1 

V 



Aga = jr-TT 



1 - ( " i 



With 80 per cent efficiency this yields Ag - 2530 J-^ mkg 



*Joachim, "Forschungen uber Schwer olmot oren in den Ver, 
Staaten. Di eselmaschinen Y, V,D,I., 1932, pp. 75-82, 
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A part of this is regained thro^igh the piston. The veloc- 
ity at the valve and the resulting necessary pressure drop 
can "be approximately determined from the continuity equa- 
tion 

u2 a /• J 

^QT 80 mm (3.15 in.) valve diameter, we obtain a negative 
pressure of 

Ap = 6.4 u^ 

and from this the intake curve represented in Figure 18 
with a mean pressure of 11.65 kg/m^ (2.39 Ih , /sq. f t . ) . 
The energy recovery is 1 , 650 mkg , a difference of 880 
Vji mkg. The mean negative pressure in the intake pipe is 
1,600 kg/m^ (327e7 Ih . /sq, f t . ) ; hence the energy conouinp- 
tion is 1,600 Y-^ mkg. If the energy consumption, due to 
the acceleration at the valve, is subtracted in both cases, 
we obtain the increase in energy consumption due to super- 
charging ; 



Blower, 530 V^^ mkg 

Intake pipe, 250 Vv^ mkg 



The efficiency, i.e., the ratio of the theoretically nec- 
essary energy to that actually required i s 23 per cent 
for the blower and 9,5 per cent for the intake pipe. It 
is low in both cases, but considerably lower for the in- 
take pipe than for the blower. It has but little effect 
on the engine efficiency. 



TEST INSTALLATIOH 



Figure 19 shows the test installation. The engine 
has a bore of 120 mm (4,72 in,) and a stroke of 180 mm 
(7,09 in,). It is driven by an electric motor with revo- 
lution speed variable between 400 and fOO. For facilitat- 
ing the escape, of the air in scavenging, the pipe to the 
air-measuring device is attached directly to the cylinder, 
the outlet being closed with a screw cap. The air can 
enter the scavenge pump through automatic valves and 
through an opening controlled by the piston. The clear- 
ance space in the scavenging pump can be varied by va,ry- 
ing the amount of water in the tank b. 
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Til© air-measuring device consists of an equalization 
tank a and the gasometer g. Between the two is a 
valve V, which is closed during the test. On the gasom- 
eter there is a drum t covered with paper along which 
moves an index z. At every revolution a spark jumps 
from the index to the drum and punctures the paper. From 
the mean distance between the marks thus obtained, the vol- 
ume of air drawn in at each stroke can "be determined. The 
device was made four years ago, was used in many tests 
and worked simply and accurately. 

For determining the resistance of the intake pipe, 
the pressure difference between the mouth of the intake 
pipe and the cylinder was measured with a uniform air flow. 
In the tests the air speed was changed, as likewise the 
piston position for controlled intake orifice. The air 
was furnished by a supercharger and its quantity was de- 
termined by a pressure disk. 

TB^T RESULTS 
Intake Port Controlled by the Piston 



The clearance space of the scavenging pump was 500 
per cent. The volumetric efficiencies were determined 
for intake pipes with diameters of 1-3/4, 2, and 2-5/8 
inches and lengths of 0 to 3,5 m (137.8 in.) at revolu- 
tion speeds of 400, 500, 600 and 700. The longitudinal 
gradations were, in general, 0.5 m (19.7 in.), but 0.1 m 
(3,94 in.) for the teloscopically extensible 2-inch pipe. 
The length of the intake port was changed in four grada- 
tions by shortening the piston. The heavy lines in Fig- 
ures 20-22 represent the efficiency as a function of the 
pipe length. It is obvious that there is considerable in- 
crease in the volumetric efficiency and that relatively 
short pipes are required for this purpose. In Figure 21, 
as a result of the small length gradations, we can clear- 
ly recognize the effect of the vibrations of system II, 
This increases with the pipe length. It is still small 
in the practically important region about the maximum. 
In addition to these curves for 104° opening period, oth- 
ers were determined for 95°, 88°, and 78°. For 95° the ^ 
maximum is at approximately the same height, while for 88 ■ 
and 78° it was below that of the curves for 104 . Since 
these curves show nothing essentially new, the tests were 
not repeated. It is noteworthy that, through a favorable 
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com'bination of the vibrational systems I and II, the curves 
for the 2-5/8-inch pipe, 95^ opening period, n = 500, 
climl) in a point to 137 per cent, 

IThe experimental results will now "be compared with 
the mathematical results. Jot the change of condition in 
the cylinder, an exponent of 3. ,3 was obtained from weak- 
spring diagrams made with Maife.ak ' s bar-spring indicator. 
The B values were obtained by resistance tests. 

The length I of the intake pipe must be increased 
for the calculation by the amount Al, since not only 
the air in the intake pipe, but also the dynamic effect of 
the air in the passage at the entrance to the intake pipe 
and of the downstream flow in the cylinder must be taken 
into account. The increase amounted to 0.5 m (19,7 in,) 
for the 2-5/8-inch pipe, 0,3 m (11,8 in,) for the 2-inch 
pipe, and 0,2 m (7,87 in.) for the 1-3/4-inch pipe. It is 
approximately proportional to the cross section of the 
pipe. If we imagine the whole system replaced by pipes of 
different cross sections, we obtain the scheme represented 
in ?igure 23 with f, 1 as the intake pipe. The pressure 
drop between the crankcase and the outside air, due to the 
acceleration, is 

ApTa = 1 (lb + li bi + Is b;^) . 



According to the law of continuity we have 

"b 3^ = 13 b 2 - b 

bi» fs' 



and consequently. 

This explains the proportionality between the increase in 
length and the cross section of the pipe. 

The vibrations of system II are pipe vibrations. Dur^ 
ing the intake they correspond to those of an open pipe; 
between the intake strokes, to those of a closed pipe. If 
the vibration period is represented by its ratio to the 
time required for revolution, we obtain 
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in which C is a constant. The effect of the vihrational 
system II depends on I and consequently on n I. If the 
volumetric efficiency is plotted against n I, the maxi- 
mums and rainim\xms of the undulating curves must coincide, 
independently of other relations. In Figure 24 this was 
done for the curves in Figure 31 and therehy the ideal 
pipe length ( + l) was introduced into In. The ahove- 
mentioned coincidence is recognized at I, II, and III, 

¥e can now calculate A. For the 2- inch pipe the 
volumetric efficiency can then "be taken directly from 
Figure 8, since = 20 per cent corresponds to the con- 

ditions under consideration (20 per cent until the closing 
of the intake ports "by the piston rings) . We ohtain the 
lightly drawn curves in Figure 22, whose good agreement 
with the measurements in the practically important region 
of the maximum demonstrates the availability of this meth- 
od of calculation. With the longer pipes there are devi- 
ations due to the vihrations of system II, which are dis- 
regarded in the calculation. This does not explain the 
disagreements in the curves for n = 400, The interrup- 
tion of the experiments prevented the further in^'-est igat ion 
of their causes. This revolutioxi speed is so low that it 
has no importance for the engine. 

In Figure 8, B indicates the piston dead center. 
The volumetric efficiency is also affected "by the values 
of B in the other positions of the piston. Figure 8 is 
therefore valid only for the 2- inch pipe and for other 
pipes in which the values of B for all the piston posi- 
tions hear the same ratio to the valines for the dead cen- 
ter as in the 2- inch pipe. For pipes with larger cross 
sections in relation to the area of the port, the values 
of B will increase more and the volumetric efficiency 
will "be less than that derived from Fissure 8. Pipes with 
relatively smaller cross sections yield a higher volumet- 
ric Efficiency, The effect of the B values for partial 
opening is not very great, however, as was found "by compar- 
ison with raore accurate calculations. Hence Figure 8 can 
serve for the approximate determination of the volumetric 
efficiency in nearly all cases. 

With the 2-5/8- inch pipe, it was found from the cal- 
culation of individual points that the correct values 
were ohtained from Figixre 8 "by using 15 per cent higher 
values of B, With the 1-3/4- inch pipe, the error in the 
determination of the volumetric efficiency from Figure 8 
was negligihle. The curves are plotted lightly in Figures 
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20 and 22 and agree very well with the experimental results, 

Figure 25 shows the variation in the volumetric effi- 
ciency for small changes in the revolution speed. The lon- 
gitudinal gradation was here 0.5 m (19,7 in.) . The re- 
sistance of the pipe differed somewhat from that of the 
telescopic pipe used for the tests represented in Figure 22, 
so that the results do not fully agree. 



Intake Port with Automatic Valves 



In the experiments the clearance space in the scav- 
enging pump was 500 and 800 per cent; the revolution 
speeds, 400, 500, 600, and 700. The intake pipes had di- 
ameters of 1-i, 2, and 2-5/8 inches and lengths up to 3.5 
m (137.8 in.). The intake valves had steel plates held 
by springs and opened at 80 mm (3.15 in.) excess water 
pressure. 

In Figures 25-29 the measured volumetric efficiencies 
of the 1^- and 2 inch pipes are represented for x ~ 500 
and 800 per cent with heavy lines. They are considerably 
lower than for controlled intake orifices and the "best 
pipe lengths are greater. The calcLilation of the curves 
was again "based on an exponent of the polytrope 1,3, as 
was also obtained here from the weak-spring diagram. 

The dynamic effect of . the air column in and immedi- 
ately before the valve and in the crankcase is also ac- 
counted for here by an increase in the pipe length. This 
increase is 0,3 m (11.8 in,) for the 2-5/8-inch pipe, 0.2 
m (7.87 in,) for the 2~inch pipe, and 0.1 m (3,94 in.) for 
the 1-|— inch pipe. We can therefore calculate A and take 
s directly from Figure 2 for all pipes. Here it must be 
taken into consideration that z^, as previously indicat- 
ed, is different for x = 500 and 800 per cent^ We obtain 
the continuous curves, lightly drawn in Figures 26-29, 
which have the same character as the experimental curves, 
but are higher than the latter for higher revolution 
speeds and for large values of x. This is due to the 
fact that in these cases the crankcase is not completely 
emptied through the scavenging ports. The cylinder used 
in these experiments had considerably smaller scavenging- 
port sections than the one with controlled intake port, 
so that this error occurred only here* It can depend only 
on X, n, and the intake air, since the pressure at the 
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end of the scavenging, and conseq'iently the amount of the 
residual air is determined only "by these quantities. If 
the error is plotted against the calculated values, the 
points must lie, independently of the dimensions of the in- 
take pipe, on a curve so shaped that the error increases 
with increasing quantities of air^ 

I'rom Figure 30, in which the error was plotted for 
X = 800 per cent, and n = 500, 600, and 700, it is ob- 
vious that the points actually lie with good approxima- 
tion on a curve of the required form. This and weak- 
spring diagrams which show that the ;pressure at the end 
of the scavenging is higher than the outside pressure in 
the corresponding cases, demonstrates the correctness of 
the explanation of the error. The error curve was util- 
ized for the correction of the test results, thus obtain- 
ing the dash curves in Figures 26-29, which agree well 
with the calculated curves, 

Further discrepancies "between the calculated and 
measured results are due to the vibrations of system II. 
The discrepancies are the greater, the longer the pipe 
and the greater the amount of air in the pipe in relation 
to the piston displacement. With the best pipe length, 
the discrepancy is small for the 1-g- and 2 inch pipes, but 
considerable for the 2-5/8-inch pipe, 

Xs suggested in a work of Klusener,* the undamped 
pipe vibrations were calculated by means of Fourier series 
for the 2-inch pipe for x - 500 per cent and n ~ 400, 
500, 600 and 700, . The calculations were based on the ve- 
locity conditions at the intake valve, which were calcu- 
lated from the vibration cf systera I, (Figs. 3-5.) Equa- 
tions for the excess pressure in the pipe for various in- 
take periods were calculated according to the method of 
Voissel and Klusener, and the excess pressure was plotted 
against In, 

The effect of the pipe length on the volumetric effi- 
ciency was determined by means of a telescopic 2-inch 
pipe in gradations of 0,1 ra (3.34 in.). Figure 32 shows 
the efficiency plotted against In. The deviations from 
the calculated volumetric efficiency curves are caused by 
the vibrational system II » They were compared with the 
calculated pressures at the end of the intake* Figure 31 
shows them for one revolution speed. The dro;^ in the vol- 
umetric efficiency, to be observed even in Klusener^s 
work, occurs in the field of resonance. The magnitude of 



*"Saugrohr und Liefergrad*" Dieselmaschinen V, p. 107. 
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the deviation caused by vi"bration II cannot "be" determined 
from the equations for the excess pressure, /because the 
dampi-ng is disregarded. 

' ''. . -.."^ , " ' SUMHARY 



The experimental results show that the vibrations of!, 
system I are essential for the volumetric efficiency un- 
der .practi cally utilizabl© conditions. The volumetric 
efficiency can be determined by the indicated method with, 
an .accuracy .of; a few per cent, 

' '. / ■ PRACTICAL APPLICATION 

Any .considerable increase in the volumetric efficiency 
by intake pipes is possible only with an intake port con- 
trolled by the piston. With intake valves the increase 
in the volumetric efficiency is' relatively small, while 
the necessary, length of the intake pipe is greater than 
in the previously mentioned case and therefore structural- 
ly mere in.conigrenient , 

In-take Port Controlled by .Pi ston 

The dimensions of the intake port are properly simi- 
lar to that in the experimental engine. In this an open- 
ing period from 100 to 116° gave the best results, the 
corresponding value of A being about 10, 5/10000, Hence 
the ratio l/f is fixed for given engine dimensions. One 
chooses only a few values of f corresponding to the ra- 
tio, determines ■ s for these values and ifinds which pipe" 
yields the highest value. In practical applications it ," 
is often better to forego a few per cent of, in order 

to use a smaller pipe. 

Ex ampl e ,- An intake pipe is to be calculated for an 
engine with crankcase scavenging, in which I) = 150 mm 
(5.9 in,), s =■ 200 mm (7.87 in,). n = .55.0.. The detri-, 
mental space of the scavenging pump is assumed to be 400. 
per cent, the intake-port dimensions .to be ^;,q^ = 0,68, 
Gq, = 23 per cent, i.e.,, the same as in the experimtent s 
described. If is firat est jL^^a.ted at 5;00 ,pe.r . cejat a 

value of f /l = 19/10000 , is ^obtained ^.wi t'h /.m. p !l . 3. " f ot, ... 
A R lO.s/lOOOO. .-Por co-n.at,3^.-uotii-on.«fe5{.. 3?.^e?i9.pn.^.j. . oii!l,3r..-p--ip.^;S , . 
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not over 2 m (78.7 in.) long are considered. We oljtain, 
for example, 

1=1, 1.5, 2 m 

d = 50, 60, 70 mm 

The pipe resistance is estimated according to the 
method of ' Schiile (Techni sche Tharraodynamik, Vol. I). For 
calculating Reynolds IJumber we use the mean value of the 
velocity, which can he calculated from the inflowing 
amount of air ('^ Vj^) f from the pipe section, and from 
the period of opening. We ohtain 

R 



S. = 10 inches 
I d 



Pipe diameter (mm) 
Reynolds Humber 

R 



50 
170,000 
11X10"® 
0.22 



60 70 
148,000 126,000 
11.5X10"® 11.8X10"® 



0.29 



0.33 



The values of B for the different piston positions, as 
determined from those data according to what precedes, are; 



Crank angle 


50 


60 


70 mm 


130 


45.0 


45.5 


46.6 


135 


3.53 


3.43 


3.40 


140 


1.58 


1.53 


1.28 


145 


1.32 


0.88 


0.74 


150 


1.32 


0.67 


0.45 


155 


1.32 


0.67 


0.43 


160 


1.32 


0.67 


0.38 


165 


1.32 


0.67 


0.38 


170 


1.32 


0.67 


0.38 


, 175 


1.32 


0.67 


0.38 


180 


1.32 


0.67 


0.38 


(lam X .03 937 


= inches) 







With respect to the intake port, zi = 20 per cent, 
possible to calculate s only from point to point 
increase As 



It is 
The 



between two points I and II is approximately 



-d stn Id 
V da / 2d a 



Aa' 
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The intervals were 5^, We obtain: 

70 mm 

.volumetric 

132,1$^^ 

^efficiency 

The largest pipe gives the "best result. 

The specified length is Al smaller than 1. Al must 
he determined experimentally. 5'or the case in question, 
it can "be estimated from the results obtained with the ex^ 
perimental engine. For the same ratio of pipe section to 
cylinder section, Ai will be approximately proportional 
to the stroke, which chiefly determines the length of the 
air column descending in the cylinder, 

S'or the same cross-sectional ratio, a pipe of 63 ram 
(2.48 in.) corresponds to the 2-inch pipe of the experi- 
mental engine. 

0.3 X fg^ = 0.33 m 

loU 

Hence, for 50 mm pipe diameter, Al = 0,22 m (8.66 in.) 

60 " " " Al = 0.31 " (12.2 " ) 

70 " " " Al = 0.42 " (16.54 " ) 

If we now correct and thereby the theoretical 

pipe length, we obtain the following actual pipe lengths: 

d = 50 mm 1 = Q.^8_4_m 

cL = 60 " 1 = r,_i9 II. 

d = 70 " 1 = i5_iil;i 

If the pipe is shortened, A and B increase and conse- 
quently the volumetric efficiency decreases. If the pipe 
is lengthened, A and B decrease. The diminution of A 
decreases the volumetric efficiency, while the diminution 
of B increases it. It first overcomes the effect of B 
and and then the effect of A, The maximum volumetric ef- 
ficiency will therefore be reached with a pipe length 
somewhat longer than the calculated length. The differ- 
ence is slight, however, under such conditions as existed 
in the experimental engine. 

The volumetric efficiency can be quickly estimated 



d = 50 60 
s = 107.5 124.5 
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from Figure 8. With the values for B corresponding to 
the piston dead center, we have 

d = 50, 60, 70 mm 

s = 105, 123, 136fo 

These values approximate those previously calculated* 

With Intake Valves 



The determination of s is here unreliable, since 
the resistance of the intake valve depends essentially on 
its construction and can "be only roughly estimated. Re- 
sistance tests with the valve tised in the experimental en- 
gine showed that the resistance can "be resolved into a 
constant component and another component which varies 
with the velocity. The second resistance for the valve 
tested was equivalent to that of an orifice of 12,6 cm*^ 
(1,95 sq.in,), For the same air velocity the area fg 
of the equivalent opening for the engine of the example 
was found "by calculation to be 20 cm^ (3.1 sq.in.) • The 
most favorable value of A = b/iOOOO was obtained from 
Figure 2. Hence I /d = 14«5/l0000, This gives 



d = 



50, 
1.35. 



60, 
1.88, 



70 mm 



2.30 m 



B is calculated from 

^h 



B = 



f I 



^f N • 

R + 0.5 { -i.— : 
\^ s/ . 



Introducing into this R/X, as before, we obtain 



d = 


50, 


60, 


70 mm 


B 


1.07, 


0,84, 


0.88 


s = 


107. 


111, 


110^ 



The 60 mm (2,36 in.) pipe is therefore the best. 
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Al cannot here "be derived from the values of the 
experimental engine. If they are estimated at 0,15, 
0.25, and 0.35 (increasing with the diameter), we obtain 
the pipe lengths, 

d = 50, 60, 70 mm 

~ = 1.0, 1.5, 2^0 m 

The volumetric efficiencies are smaller than for controlled 
openings, and the pipes are longer. 



Translation "by IDwight M, Miner, 
National Advisory Committed 
for Aeronautics, 
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2 Voltunetric efficiency as a f-ujiction of A and B. Intake valve. 
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Figs. 3,4,5 
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Fig. 10 Effect of duration of opening of intake 
slot on vol-umetric efficiency. B ~ 0.4 




IT.A.C.A. Technical Meraoranciurn ITo. 700 



S'igs. 12, lo 




Pig. 12 Velocity varic^-tion along intslce pipe 
of ±^ our- stroke engine. 
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of intaiie pipe 2 inches. 
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S'ig. 25 Volumotric efficioiicv T/lth a;atomatic 

intaJre valve. 1 l/2 inciics intaize 
pipe. X ^ dO(yp 
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ifig, 27 Vol^Jinctric efficiency vrltii crator^iatic 

intake valve. 1 1/2 iriCliGs intaJce 
pipe, X = 8007^ 
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Pig. 28 Yol"aj]?.etric officieacy \7it11 automatic 



intalcG valve, 2 inch intalce pipo. 
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29 Vol"uiiiGtric efficiency v/itli automatic 
intalce valYe,.2 incli intake pipe 

X = SOO/o 
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Fig. 30 Experimental errors in torms of revolution 
sjjeed and calculated vol. efi, x = 800;)^> 
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Fig. 31 Deviations of measured from calculated 

data due to vibration II. Final pressures 
with uiidam-oed vibration II. 
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Fig. 32 Volumetric efficiency plotted a;;-::ainst 2n. 
Intal^ie valve. 2 inch intaj::o -Di-pc. 



